Background/Aims: Microvascular insufficiency takes a critical role in the development of diabetic cardiomyopathy (DCM). So this study was designed to investigate the effects of Neuregulin-1 (NRG-1) treatment on myocardial angiogenesis and the changes of VEGF/Flk1 and Ang-1/Tie-2 signaling in the rat model of DCM. Methods: Diabetic rats were induced by a single intraperitoneal injection of Streptozotocin. 12 weeks after the diabetes induction, the rats with NRG-1 treatment were treated with tail vein injection of NRG-1 at the dose of 10μg/kg/d for consecutive 10 days. Cardiac function was assessed using catheter MPA cardiac function analysis system. Myocardial blood flow (MBF) was assessed with stable-isotope labeled microspheres. Capillary density was measured by CD31 immunohistochemistry. The protein expression and receptors phosphorylation were assessed using western blot. Results: Left ventricular function, capillary density and MBF were significantly reduced in DCM group when compared with those in the control group (P<0.01, P<0.01 and P<0.05 respectively). Left ventricular function and capillary density were significantly increased in NRG-1 treatment group when compared with those in the DCM group (P<0.05 and P<0.05 respectively). The expression of VEGF and Ang-1 and the phosphorylation of Flk1 and Tie-1 were significantly decreased in DCM group as compared with those in the control group. However, those in the NRG-1 treatment group were significantly increased as compared with those in the DCM group. In vitro, NRG-1 treatment increased significantly the expression of VEGF and Ang-1 in human coronary artery smooth muscle cells. Conclusions: NRG-1 can increase the myocardial angiogenesis of DCM, probably via the direct effects of NRG-1 and via the increasing expression of VEGF and Ang-1. These findings may contribute to developing a novel approach to reverse the impaired angiogenic responses in diabetes or coronary artery disease.
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Introduction
Diabetes is one of the most important risk factors for developing cardiovascular disease. Diabetes may result in diabetic cardiomyopathy (DCM), which is defined as myocardial dysfunction in the absence of coronary artery disease or systemic hypertension [1] . Microvascular insufficiency takes a critical role in the development of DCM. Accumulating evidences have demonstrated a progressive reduction of the microvasculature and an impaired angiogenic response to chronic ischemia with the development of diabetes [2, 3] . These microvascular changes may lead to reduced perfusion of myocardium and contribute to adverse cardiovascular events [4] . Previous studies have reported the possible role of decreased vascular endothelial growth factor (VEGF) and angiopoietin-1 (Ang-1) in the pathogenesis of diabetes mediated impairment of myocardial angiogenesis [5, 6] .
Neuregulin-1 (NRG-1) is a member of the epidermal growth factor family. NRG-1 receptors are the ErbB family of tyrosine kinase transmembrane receptors, including the ErbB2, ErbB3 and ErbB4. In the heart, NRG-1 is synthesized and released by the endocardial and cardiac microvascular endothelium [7] . NRG-1 is essential for the development of the cardiovascular system and the maintenance of adult heart function [8] . Recently, growing evidences indicated that NRG-1 was a positive regulator of angiogenesis. Russell et al. reported NRG-1 and ErbB receptors are expressed in vascular endothelial cells, and angiogenesis could be induced by the stimulation of endothelial cells in vitro [9] . Hedhli et al. reported that NRG-1 of endothelial production is necessary for angiogenesis and arteriogenesis induced by femoral artery ligation, and exogenous administration of NRG-1 can enhance this process [10] .
Our previous study showed NRG-1 protein expression and the phosphorylation of ErbB receptors are impaired in DCM [11] . The another study of us showed serum NRG-1β levels were positively correlated with serum VEGF and Ang-1 levels in patients with diabetes [12] . So there may be some relations between NRG-1 and angiogenic factors. However, it is not clear whether the reinforced NRG-1/ErbB signaling can increase the expression of angiogenic factors and angiogenesis in the myocardium of DCM. Therefore, the aim of this study was to investigate the effects of NRG-1 treatment on myocardial angiogenesis and the changes of VEGF/FLK1 and Ang-1/Tie-2 signal conduction in a rat model of DCM.
Materials and Methods

Experimental materials
Streptozotocin (STZ) and p-Tie-2 antibody were obtained from Sigma chemical company (USA); VEGF, CD31 and GAPDH antibodies were obtained from Santa Cruz Biotechnology (USA); Ang-1 antibodies was obtained from Proteintech group (USA); p-VEGF Receptor 2 (p-Flk1)antibody was obtained from Abcam (USA); Stable-isotope labeled microspheres was obtained from BioPAL company (USA); human coronary artery smooth muscle cells (HCASMCs) was obtained from Lifeline cell technology (USA); recombinant human NRG-1, Tyrphostin AG1478, ErbB receptors and phosphorylation of ErbB receptors antibodies were obtained from Cell Signaling Technology (USA).
Induction of diabetes
All animal experiments were approved by the Animal Care and Use Committee of the Guangxi Medical Institute and complied with the "Guide for the Care and Use of Laboratory Animals", which was published by the US National Institute of Health (8th edition, 2011). Male Sprague-Dawley rats of 7-8 weeks old and of 160-180g weight were obtained from the Animal Center of Guangxi Medical University. Rats were randomly separated into normal control and diabetic rats. Diabetes was induced as previously described [5, 13] by a single intraperitoneal injection of STZ (55 mg/kg in 0.1 mol/L citrate buffer, pH 4.5). The control rats were injected with the same volume of 0.1 mol/L citrate buffer. Tail blood glucose was measured every week during experiments, and all diabetic rats with blood glucose levels<16.7 mmol/L were excluded from further study. The experiment rats were divided into three groups, including control group (n=10), DCM group (n=10) and NRG-1 treatment group (n=10). 12 weeks after the diabetes induction, diabetic rats were randomly separated into DCM group and NRG-1 treatment group. The rats in NRG-1 treatment group were treated with tail vein injection of NRG-1 at the dose of 10μg/kg/d for consecutive 10 days and the rats in DCM group were given 0.1mmol/L citrate buffer injection.
Assessment of cardiac function
Cardiac function was assessed through dp/dt values as described in previous studies [3, 5] . Ten days after NRG-1 treatment, at time of tissue harvest, anesthesia was performed with 10% chloralhydrate (0.3-0.4 ml/100g) by the intraperitoneal injection in all rats. The rats were intubated and mechanically ventilated at 4ml/100g of tidal volume. A small left anterolateral longitudinal thoracotomy was performed following skin preparation. The apex was exposed and a left ventricular catheter was surgically inserted from the apex directly into the left ventricle. And then cardiac function was assessed by using catheter MPA cardiac function analysis system, and the left ventricular maximum +dp/dt(systolic function) and minimum -dp/ dt(diastolic function) were recorded.
Assessment of myocardial blood flow
Myocardial blood flow (MBF) was assessed by using the stable-isotope labeled microspheres as described in previous studies [3, 14] . A left femoral artery catheter was inserted to the level of the renal artery for arterial blood collection. Gold-labeled microspheres of 15μm in diameter were injected into the left atrium with a dose of 0.6ml. The rats were then humanely killed by intracardiac injection of a saturated KCl solution (10ml/kg). Transmural left ventricular sections of 50mg were harvested for myocardial microspheres analyses in each rat. Myocardial samples were weighed and placed into a BioPAL sample vial, and were dried at 70°C for 24 hours. Blood samples were transferred to a BioPAL blood sample vial, then centrifuged and discarded supernatant. All tissue and blood samples were sent to BioPhysics Assay Laboratory for myocardial blood flow measurements.
Capillary density measurements
Capillary density was measured by CD31 immunohistochemistry. Tissues were collected from the left ventricle and fixed in 4% paraformaldehyde. Myocardial cross sections (5μm) were prepared by conventional dewaxing hydration procedures and 3% hydrogen peroxide (50μl) was added to each slice. The samples were incubated at room temperature, and then CD31 primary antibody (50μl) was added. After 2-3 hours, real time MaxVision (50μl) was added for incubation. Myocardial sections were stained with DAB solution, and counterstained with hematoxylin. Capillary density was assessed by capillaries/myocyte nucleus (C/M) values. C/M values were counted in 5 fields randomly selected from each slice by two blinded observers.
HCASMCs culture
The primary HCASMCs from liquid nitrogen were completely dissolved in 37°C water bath and cultured in a 37°C and 5% CO 2 incubator. The medium was changed every 3days. At confluence the cells were passaged. In all experiments, the cells of the 3th passages were used. Tyrphostin AG1478 (ErbB inhibitor, 10uM) and NRG-1 (50ng/ml) were added for 24 hours according to the need of tests. In model of hypoxia and serum deprivation (hypo/SD), the cells were incubated in a modular incubator chamber and infused with mixed gas (95%N 2 and 5%CO 2 ) at 37°C and O 2 < 0.5% for 24 hours. The experiment cells were divided into 4 groups, including control group, hypo/SD group, NRG-1 treatment group (hypo/SD+NRG-1) and AG1478 group (hypo/SD+NRG-1+AG1478).
Western blot analysis
The frozen myocardial tissues of left ventricle was crushed with a mortar and pestle at the temperature of liquid nitrogen and placed into 1.5ml micro-tubes. RIPA buffer was added to the micro-tubes immediately prior to the tissue lysis, and then protein extraction and quantification were performed. Total protein was fractionated by gel electrophoresis and transferred to the membrane. The membranes were blocked with 5% nonfat milk for 1 h at room temperature followed by overnight incubation at 4°C with primary antibodies. Primary antibody binding was detected using a horseradish peroxidase conjugated secondary antibody and an enhanced chemiluminescence detection system. The bands were analyzed using Image-Pro Plus6.0 software.
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Statistical analysis
The numerical values were expressed as the Mean ± SD. The data were analyzed using the SPSS 16.0 statistic software package. Student's t-test was used to compare the two groups, and One-way analysis of variance was performed, and post hoc multiple comparisons were conducted with S-N-K. Statistical significance was defined as P<0.05.
Results
Rat model of DCM
Within 2 days of injection, STZ provoked a prominent hyperglycemia accompanied by typical symptoms of diabetes. Blood glucose was measured each week throughout the study, and the results were showed in Table1. All diabetic rats with blood glucose levels less than 16.7 mmol/L were excluded from further study. Finally, there were 10 rats each group for further study. Diabetic rats demonstrated significant cachexia, decreased body weight gain and increased food and water intake.
To confirm the effectivity of recombinant human NRG-1 injection on myocardium of rats, we examined the phosphorylation of ErbB receptors after NRG-1 injection. The results showed the phosphorylation of ErbB2 and ErbB3 were significantly decreased in the diabetic rats, but were significantly increased after NRG-1 treatment, which suggested that recombinant human NRG-1 through tail vein injection is viable in diabetic rats (Fig. 3) . Fig. 2 . Left ventricular +dp/dt and -dp/dt values in three groups.
A: The diagrams of dp/dt in control group(a), DCM group(b) and NRG-1 group(c); B: The comparison of +dp/dt and -dp/dt among three groups. *: P<0.01 versus control group; #: P< 0.05 versus DCM group. 
Cardiac function
The results of cardiac function test showed both +dp/dt and -dp/dt values were significantly lower in DCM group than that in control group [ (Fig. 2) .
Capillary density
Capillary density was evaluated by CD31 staining and quantified by capillaries/myocyte nucleus (C/M) values. Capillary density was significantly reduced in DCM group when compared with that in the control group (0.415± 0.107 vs. 0.548± 0.092, P<0.01). Capillary density was significantly increased in NRG-1 treatment group when compared with that in the DCM group (0.497± 0.096 vs. 0.415± 0.107, P<0.05). It indicated that NRG-1 treatment can improve capillary density in DCM (Fig. 1) .
Local MBF
The stable-isotope labeled microspheres were used to determine MBF. Rats in DCM group demonstrated reduced MBF as compared to the rats in control group [(3.38±1.17) ml/g/min vs. (3.94±1.02) ml/g/min, P<0.05]. The MBF in the NRG-1 treatment group was increased but did not reach significantly difference when compared with that in the DCM group [(3.78±1.25) ml/g/min vs. (3.38±1.17) ml/g/min，P>0.05]. (Fig. 3) .
Similarly, Ang-1 expression in the diabetic heart was significantly decreased, which was accompanied by a dramatic decrease in Tie-2 phosphorylation as compared with that in the control group. However, Ang-1 expression and Tie-2 phosphorylation in the NRG-1 treatment group were significantly increased as compared with that in the DCM group (Fig. 3) .
The expression of VEGF and Ang-1 in HCASMCs
Vessels mainly consist of endothelial cells and smooth muscle cells (SMCs). Both VEGF and Ang-1 are expressed in SMCs, but their receptors Flk1 and Tie-2 are expressed almost exclusively in endothelial cells. By paracrine regulation, VEGF and Ang-1 can promote angiogenesis including new vessels formation and maturation. So we further examined the effects of NRG-1 treatment on the expression of VEGF and Ang-1 in HCASMCs under hypo/ SD conditions, which are both components of ischemia in vivo.
Firstly, we confirmed that ErbB2, ErbB3 and ErbB4 receptors were expressed in HCASMCs by western blot. NRG-1 treatment significantly induced the phosphorylation of ErbB receptors which were inhibited by AG1478. These results suggested NRG-1 played some roles in HCASMCs by signal transduction (Fig. 4) .
Secondly, we examined whether NRG-1 could induce the expression of VEGF and Ang-1 in HCASMCs. The results showed hypo/SD stimulation significantly increased the expression of VEGF and Ang-1 in HCASMCs, and NRG-1 treatment further significantly increased their expression. But when cells were added with AG1478 simultaneously, the increased expression of VEGF and Ang-1 induced by NRG-1 disappeared (Fig. 5) .
Discussion
This study for the first time reported the effects of NRG-1 on myocardial angiogenesis in DCM. The results showed NRG-1 could improve the left ventricular function and capillary density in DCM, and there was a trend toward higher local MBF in diabetic rats with NRG-1 treatment although not reaching statistical difference. This study also showed NRG-1 could increase the myocardial expression of VEGF and Ang-1 and the phosphorylation of Flk1 and Tie-2. In vitro, NRG-1 treatment could increase the expression of VEGF and Ang-1 in HCASMCs.
The rat model of DCM in this study has been used in the previous study [5] . Our previous study showed the cardiac function was already impaired 3 months after induction of diabetes [11] . In diabetes, many factors affect cardiac systolic and diastolic function. These factors include metabolic disturbances, myocardial fibrosis, small vessel disease and cardiac autonomic neuropathy. This study showed cardiac function was significantly improved in diabetic rats with NRG-1 injection. NRG-1 is synthesized and released by the endocardial and cardiac microvascular endothelium, while ErbB2 and ErbB4 are expressed in cardiomyocytes. The NRG-1/ErbB system is necessary for physiological adaptation of the heart to the changes of cardiac demand, and disrup tion of this system impairs recovery of cardiac contractile function [15] . Odiete et al. reported diabetes can prevent compensatory up-regulation of myocardial NRG-1/ErbB after myocardial infarction coincident with an increased severity of heart failure [16] . Previous studies also reported NRG-1 can improve cardiac function in animal models of heart disease including ischemic, dilated, and viral cardiomyopathy [17, 18] . NRG-1 can promote the growth and survival of cardiomyocytes [19] , modulate myofibrillar disarray [20] , maintain mitochondrial function and integrity [21] , stimulate glucose uptake [22] and increase sarcoplasmic reticulum calcium uptake [23] . These effects of NRG-1 contribut e to the beneficial effects of NRG-1 on cardiac func tion. In this study, increased angiogenesis may also improve the cardiac function of diabetic rats.
The decrease of capillary density and MBF were found in diabetic rats in our study, which were associated with the decreased expression of VEGF and Ang-1 and phosphorylation of Flk-1 and Tie-2. These results are consistent with the findings of previous studies [3] [4] [5] [6] . Cardiac remodeling induced by diabetes is associated with microvascular pathologies, which include reduced expression of angiogenic factors, decreased endothelial cell infiltration, increased endothelial cell apoptosis [24] , decreased circulating endothelial precursor cells (EPCs) and impaired EPCs function [25, 26] .
In this study, diabetic rats with NRG-1 injection demonstrated increased capillary density. Russell et al. reported that NRG-1 is proangiogenic in vitro using a collagen gel cord formation assay, and in vivo in a rat corneal angiogenesis assay [9] . Another study showed endothelial-specific NRG-1 deletion results in a significant decrease in vascular growth induced by ischemia, and addition of exogenous NRG-1 can accelerate blood flow recovery after femoral artery ligation [10] . Both NRG-1 and ErbB receptors are expressed in vascular endothelial cells, and deletion of NRG-1 significantly impaired endothelial cord formation, which indicates that this system may participate in an autocrine angiogenic response. NRG-1 induces an angiogenic response independent of VEGF [9] , or via the increasing expression of VEGF [27] . ErbB receptors are expressed in EPCs, and NRG-1 stimulation can enhance EPCs survival and their participation in angiogenic responses [28] . Lok et al. reported that NRG-1 can decrease human brain endothelial cells death after oxidative injury with H 2 O 2 [29] . Oxidative stress caused by mitochondrial superoxide overproduction in endothelial cells is the major mechanism in the development of vascular complications in diabetes [30, 31] . Previous study reported that NRG-1 can alleviate oxidative and endoplasmic reticulum stress in heart [32] . This study found MBF was increased in rats with NRG-1 treatment, but which didn't reach statistical difference. Some studies also reported the activation of ErbB3 and ErbB4 have been implicated in the recruitment of SMCs necessary for angiogenesis [33, 34] . But the process of vessel maturation includes a step by step transition from actively growing vessel bed to the quiescent fully formed and functional network.
Angiogenesis is mainly regulated by the interplay between VEGF and Ang-1. Both Flk1 and Tie-2 receptors are exclusively expressed in endothelial cells. VEGF/Flk1 signal system takes the lead in the process of new vessel formation, whereas Ang-1/Tie-2 signal system plays a critical role in vascular maturation and stabilization [35] . This study for the first time showed NRG-1 treatment can increase the expression of VEGF and Ang-1 and the phosphorylation of their receptors in DCM, and can also increase the expression of VEGF [36] . Nakaoka et al. found that NRG-1 stimulation can increase the mRNA expression of Ang-1 in the heart [37] . This study showed all three ErbB receptors are expressed in HCASMCs. So the interplay between endothelial cell and SMCs via NRG-1/ErbB signaling probably is an important potential mechanism for regulation of angiogenesis.
In terms of study limitations, our model of STZ-induced diabetes largely mimics type I diabetes, this model does not precisely represent the type II diabetes in humans. Although various pathophysiologic and molecular aspects are common between type I and type II diabetes, some features may be different and may limit the generalizability of this model to type II diabetes and insulin resistance.
In summary, NRG-1 can increase the myocardial angiogenesis of DCM, probably via the direct effects of NRG-1 and via the increasing expression of VEGF and Ang-1. Diabetes results in a profound impairment in the myocardial angiogenic responses to chronic ischemia. So these findings may contribute to developing a novel approach to reverse the impaired angiogenic responses in diabetes or coronary artery disease.
Abbreviations DCM (diabetic cardiomyopathy); NRG-1 (Neuregulin-1); MBF (myocardial blood flow); VEGF (vascular endothelial growth factor); Ang-1 (angiopoietin-1); STZ (streptozotocin); HCASMCs (human coronary artery smooth muscle cells); hypo/SD (hypoxia and serum deprivation).
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